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Abstract 

We study the T violating effects in the baryonic decays of — > Al + l~ (I = e , Li) with 
polarized A. We show that the transverse A polarizations in these baryonic decays could 
be as large as 50% in CP violating theories beyond the standard model such as the SUSY 
models, which can be tested in various future hadron colliders. 
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Recently, time-reversal violation (TV) has been measured experimentally in the K° sys- 
tem H], and thus complements the information on CP violation (CPV) that has been steadily 
accumulating for the past thirty seven years. The data is in accordance with the CPT the- 
orem which is fundamental to local quantum field theories with Lorentz invariance and the 
usual spin-statistics connection. However, the origin of the violation remains unclear. In the 
standard model, CPV or TV arises from a unique physical phase in the Cabibbo-Kobayashi- 
Maskawa (CKM) quark mixing matrix 0. This paradigm also predicts CPV effect in the 
b-quark system. To test the accuracy of this paradigm and to search for other sources of 
CPV one needs to look for new processes, especially the B° system. Indeed this is an im- 
portant quest of the B-factories. In addition we deem it particularly interesting if the time 
reversal symmetry violation can be directly detected in the b-system rather than inferring 
it as a consequence of CPT invariance. In this paper, we will study the T violating effects 
in the baryonic decays of A& — > A/ + /~. 

It is known that for a general three-body decay of a baryon the triple spin-momentum 
correlations, such as s ■ (pi x pj), are T-odd observables, where s and are the spin and 
momentum vectors of the final particles, respectively. There are a number of different sources 
that might give rise to these T-odd observables. The most important ones being the weak 
CPV such as the CKM phase of the SM. However, final state interactions such as QCD for 
non-leptonic decays or the electromagnetic (EM) interaction among the final state particles 
can also make contributions. These are usually less interesting and they could even hide the 
signals from the weak CPV. We note that the T-odd triple correlations do not need non-zero 
strong phases unlike some of CP violating observables, such as the rate asymmetry between 
a particle and its antiparticle. 

In Ab — > Al + l~ decays, due to experimental concerns only one polarization state can be 
measured. We can use either the polarization of the lepton (si) or the A baryon (sa) to study 
the T-odd correlations. For the case with a polarized lepton, since the T-odd correlation 
such as the transverse lepton polarization is always associated with the lepton mass, we 
expect that the T violating effects are small for the light lepton modes 0. Although the 
t mode has less suppression due to its mass, the corresponding branching ratio which is 
O(10~ 7 ) is about one order of magnitude smaller than that for the e and fi ones. The above 
considerations plus the fact that the efficiency of spin measurements in general are not high 
make lepton polarization a poor choice. In our following analysis, we will concentrate on 
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the search for the possibility of large T-odd term such as s A ' (Pi+ x Pa) in Af, AZ + /~ with 
I = e and /i, and we can set mi = within the accuracy of our calculations. 

We start with the effective Hamiltonian for b — > sl + l~ by including the right-handed 
couplings in the hadronic sector are given by 



H (b - sl+l') = ^ff \Hx,L% + E % ,L% (1) 



with 



= {C^P L + C*P fl ) 6 - Q ^sia liV q v {C!f P R + Cf P L ) b , 
H 2 » = arf {C^P L + C*P R ) b , 

Ly = m, 

Vk = W , (2) 

where C[ and Cf {% = 7, 9, 10) denote the effective Wilson coefficients of left- and right- 
handed couplings, respectively In the standard model, 

riL _ /~teff /"iR _ n 

— , O r — 7 , (6) 

nib 

where , Ci , and C 7 are the standard Wilson coefficients [|J. 

To study the exclusive decays of — > Al + l~ , one needs to know the form factors in the 
transition of A b (pA b ) — > A(pa), parametrized generally as follows: 



(A| sT^b \A b ) = fl 'utflpUj^ + fi 'u k ia^ q u u Ab + / 3 l 'q^u A u Ab , 
(A| s r A1 7 5 b \K b ) = g^u^^u^ + g { 2 ] u k ia^ v q v ^u Ab + g^q^u^u^ , (4) 

where V ^ = 7 M (icr^), and and g^ are the form factors of vector (tensor) and axial- 
vector (axial-tensor) currents, respectively. In the heavy quark effective theory (HQET) || , 
the form factors in Eq. can be simplified by using 

(k(p K )\sTb\k b (p H )) =u A (F 1 (q 2 )+^F 2 (q 2 ))Tu Ab , (5) 
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where T denotes the Dirac matrix, v = p\ b /M\ b is the four- velocity of A b , and q = p^ b — Pa 
is the momentum transfer, and the relations among the form factors can be found in Ref. 
||. Explicitly, under the HEQT, we have 

h = g2 = fI = gl = F 1 + ^F 2 , 

In order to study the T violating effects using the A spin polarization, we write the A 
four-spin vector in terms of a unit vector, £, along the A spin in its rest frame, as 

and choose the unit vectors along the longitudinal, normal, transverse components of the A 
polarization, to be 

PA 



e N 



Pa x (pi- x p A ) 
Wa x (pi- xPa)\ 



Pi- x p A 

e T = r= ^-t , (8) 

Pi- x p A \ 



respectively. Hence, the differential decay rates with polarized A is given by 

i + P ■ i 



1 ^ 0) 



dY = -dT° 
2 

dT o {t) = G^ e y v/ __ 
yo7r° 

— * 

where P is the A polarization vector, defined by 

P = P L e L + P N e N + P T e Tl (11) 

and 

R Ab (t) = [(3 (1 + r) t - 2r - At 2 ) + sp 2 (3 (1 + r) t - Ar - 2t 2 ) + Qp^s (1 - t 

X ( I ^9 I ~H ^9 I +1 ^10 I + I ClO I 



(3(1 +r)t-Ar-2t 2 ) (|Cf f + |C 7 L 



-6v^s [1 + 2 (t - r) p + sp 2 ] (ReC^Cjjf + ReC? Cft) 

+ 12m b [2p (r + t 2 - (1 + r) t) - (1 - t) (l + sp 2 )] (ReC?(#* + ReC^C**) 
+12m fe [2pv^s + (t - r) (l + sp 2 )] (ReC^C** + ReC£C£*) , (12) 



with At = V tb V*, t = E A /M Abl r = M 2 jMl bl m b = m b /M Ab) and s = 1 + r - 2t. The 
kinematic ranges for t and s are 

V^<t < ^(1 + r) , 
< s < (1 - v 7 ^) 2 • (13) 

With the T odd transverse A polarizations defined by 

dT (i ■ e T = l) - dT (i -e T = -l 



dT (i ■ e T = l) + dT (i ■ e T = -1 
and from Eq. (^) we obtain 



x 



(MC?C& - ImC^C**) - ^ (1 - t) (lmC^Cf * - ImC*Cft) 
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(14) 



where (s) = (1 — r) 2 — 2s (1 + r) + s 2 . 

To understand Eq. fll4|), we first examine the hadronic currents with V ± A types of 
interactions. From Eq. (|l|), there are three possible sources which could lead to T-odd 
correlations: 

(i) Hi^H^L^^Ly^ , (z = 1, 2) 

(mj H 2u LyL A , 

where involve only left-handed (right-handed) currents. By summing all the lepton 

spin degrees of freedom, we get ^2 L v Ly = L^L 1 ^ = (pfpj +PiPr — 9^ Pi • Pi), which are 
symmetric with respect to p and v. Since Hi^Hj u oc £fiva/3S A p A is antisymmetric between p 
and u, it is clear that no T-odd terms can be constructed from (i). For the case in (ii), even 
though ^2LyL u J = —Aie^^piaPip ls antisymmetric, H^^H^^ oc 

M K Tr(^ k ^^ kb ^ u ) = 4:M A (s Afl p Ab „ + s Av p Abil - g^s A ■ p Ab ) is symmetric in p and v and 
thus, the possible terms in (ii) also vanish. However, T-odd correlations can arise from 
(iii) by observing that H^ R) H^ L]] oc M Ab Tr(p' A ^k!^ v ) = 4M Ab (-p AfJ ,s Au + p Al/ s Afl ) is 
antisymmetric. Hence, in A b — > Al + l~ decays, the non-vanished T-odd terms can be induced 
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from (V — A) x (V + A) hadronic currents. This is, explicitly shown in Eq. fll4|) . The TV 
quantity is related to ImC<fCf * and ImCgC^*, respectively. Similarly, with the dipole 
operators, we expect that T-odd observables are proportional to ImC^Cf * and ImCf C^*. 



As seen in Eq. (14), to have a non-zero value of Pt, it is necessary to have conditions 
of (i) the existence of Cj} and (ii) a phase of CfCf 1 (i ^ j). These conditions are clearly 
different from those of the T odd transverse lepton polarizations in both inclusive decay of 
b —>■ sl + P J7| and exclusive ones, such as B -> K^l+l- § and A b -> AZ+Z~ 0, and other 
CP violating asymmetries as well 0, |Kj. Such property distinguishes the T odd transverse 
A polarizations from various other T odd observables. In the standard model, since there 
are no C<f and C^ as seen from Eq. 

P SM K !^l Im ( C eff C \ (15) 

which is suppressed. We note that the contribution to Pt from the EM final state interaction 
is < O(10~ 3 ). Moreover, the long-distance (LD) effects in the one-loop matrix elements of 
01,2 @ and Ab — > AJ/ty with J/ty — > l + P are absorbed to Cg . On the other hand, it is clear 
that a large value of Pt, according to Eq. QUI) , can be obtained if a theory contains C<f or 
or a large C^, with a non-zero phase. Many theories beyond the standard model could 
give rise to C<f or C^; examples are the left-right symmetric and supersymmetric models. 
To illustrate our result, we use SUSY models both with and without R-parity. For a 



SUSY model with R-parity, we take the one given by Ref. [11], denoted as Ml, in which 



C7 M1 = "1-75 W 3 ) LL - 0.25 (8^) LR - io.3 {5 d 23 ) LR , 

C 9 LM1 = 0.82 (a») M , 

Cf M1 = -9.37 (6% 3 ) LR + 1.4 (^W^W + 2.7 

C™ 1 = -10.3 

C 9 RM1 = 1.32 {5 d 23 ) RL {S d 3 ) LR , 

= -17-6 (5 d 23 ) RL (6i) LR , (16) 
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where the values of parameters are as follows : 











( 5 23) LR ~ 


-0.7e id2 


(^23 )lL ~ 


0.1, 



— 3 x ktV 01 , 



0.5 



(17) 

with taking the phases of 9\ and 82 to be 7r/4 and — 7r/10, respectively. 

To demonstrate the difference we study a SUSY model without R-parity (M2, see Ref. 
fT2||). In this case we have 



where 



1 y* x' 

r RM2 _ _ r RM2 _ 71 1 A ij3 A ij2 

9 ~ 10 ~ V2G F a em V tb V t * s 2M? (18) 



I a:,. ~ ^v^r;, tan 2 %,,//,/, a 2 (19) 



and 



Aga^a ^ 2v / 2G F tan 2 /3C>|A 4 e^ (20) 

with the parameters A ~ 0.22, tan/5 ~ 10, Q ~ 0.9, and 9r = 2tt/5. We note that 
the parameters we have chosen for the two models satisfy various experimental constraints 
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By using the parameters in Eqs. (|I~6|)-(f20|), the values for the form factors in Refs. |3|, 
and Eq. (|TUD, we give the differential branching ratios (BRs) of Af, — > Afi + fi~ with respect 
to E\ in Figure [I] with and without including resonant states of \l/ and and we find that 
the integrated BRs for the latter are (2.10, 1.66, 4.41) x 10 -6 for the standard and SUSY 
with and without R-parity models, respectively. 

In Figures |2| and |3], we show Pxi^b — > Afi + fi~) as a function of E\/M^ b for Ml and 
M2, with and without the LD contributions, respectively. As seen from the figures, even 
though the derivations of BRs to the standard model result are insignificant, the transverse A 
polarization asymmetries can be over 50% in both SUSY models with and without R-parity. 
Similar results are also expected the decay of A& — > Ae + e~. We remark that measuring a 
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large Pj- in A& — > Al + l~ is a clean indication of T violation as well as new CP violation 
mechanism beyond the standard model. 

Finally, we note that to measure Pt{Ai, — > A[i + fi~) ~ 10% at 3a level, at least 4.5 x 10 7 
A;, decays are required if we use BR(Ab — > Afi + fi~) ~ 2 x 1CF 6 . Clearly, the measurement 
could be done in the second generation of B-physics experiments, such as LHCb, ATLAS, 
and CMS at the LHC, and BTeV at the Tevatron, which produce ~ 10 12 bb pairs per year 
T3| . This is certainly within reach of a super B factory under discussion now [13 . 
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FIG. 1: Differential BRs of Af, — > Afi + [i~ as a function of £^a with and without resonant shapes, 
where the solid, dash-dotted and dashed curves stand for the results of the standard and SUSY 
with and without R-parity models, respectively. 
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FIG. 2: Transverse A polarization in A& — > Afi + fi~ as a function of Ex/M^ b in the SUSY 
model with R-parity The curves with and without resonant shapes represent including and no 
long-distance contributions, respectively. 
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FIG. 3: Same as Figure [2] but for the SUSY model without R-parity. 
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